T he HSV genome forms an episome in neuronal nuclei from which virtually no detectable viral transcription occurs during latency, except that of the abundantly transcribed latency-associated transcript (LAT). [1] [2] [3] The major products of LAT are 2-and 1.5-kb RNAs, which are localized to the neuronal nucleus. LAT overlaps the infected cell protein 0 (ICP0), an immediate-early regulatory gene, and is transcribed off the opposite DNA strand. One proposed function of the LAT is the suppression of nearby lytic phase transcripts ICP0, g34.5 virulence gene, and infected cell protein 4 through unknown mechanisms, thereby promoting the establishment and maintenance of latency. 3, 4 ICP0 is important for productive HSV-1 replication 5 and is thought to have a role in reactivation from latency. 6 The observations described here support the hypothesis that LAT could act to suppress immediate-early genes. Apart from putative LAT-mediated suppression of lytic transcripts during latency, it is possible that host molecular/immune mechanisms, which contribute to the establishment of latency, 7 play a functional role in association with the LAT-ICP0 locus of HSV in suppressing/regulating viral reactivation.
Reactivation of the latent HSV-1 genome has been linked to a reactivation-critical region (rcr) that includes the LAT core promoter through the LAT 5Ј exon/enhancer, since recombinants lacking this region display greatly reduced reactivation phenotypes. 3,8 -11 Reactivation from latent infected sensory ganglia neurons can lead to peripheral shedding of infectious virus which could manifest in the eye as debilitating recurrent ulcerative and/or stromal keratitis through corneal scarring, thinning, and neovascularization. 12 Humans are reservoirs of HSV-1, and asymptomatic shedding is a major factor in the spread of the virus. [13] [14] [15] The majority of the adult population harbor latent HSV-1 in their neural tissue and are seropositive, 16, 17 although the percentage of the total population that develops herpetic lesions is only approximately 25% to 35%. Recent human data have documented a significantly high frequency of shedding of HSV-1 DNA in tears, saliva, and genital secretions. 13,15,18 -20 Some strains of HSV-1 exhibit high reactivation rates in animal models. 21 Also, reactivation of HSV-1 can result in recurrent herpes labialis lesions (RHLs) and in oral shedding of virus. Most patients with RHLs shed viral DNA both before and after the appearance of clinical lesions. 22 These variations in shedding and disease could be caused in part by the genetics and phenotype of the virus and genetic makeup of the host. 23 A question that has not been fully addressed concerns the specific host mechanisms that influence the LAT-ICP0 locus of HSV during reactivation. To unravel the associated potential molecular events during reactivation of high phenotypic reactivation strains, we used gene expression to evaluate potential differences in host responses by comparing phenotypic differences between the LAT-positive 17Syn ϩ , a high phenotypic reactivator, 24 -26 and an LAT promoter deletion virus, 17⌬Pst-(LAT Ϫ ). The 17⌬Pst(LAT Ϫ ) has been demonstrated to be a low phenotypic reactivation strain in both mice and rabbits, 24, 25, 27 although the copy numbers of viral DNA recovered were equivalent to those of its parent 17Syn ϩ in the rabbit trigeminal ganglia (TG). 24 Gene expression in vivo in latency studies suggests a clear pattern of genes belonging to specific functional groups indicating active biological activity during latency. We recently analyzed gene expression in the rabbit TG harboring latent HSV-1 strain McKrae using new and novel custom oligonucleotide rabbit arrays (Agilent Technologies, Palo Alto, CA) and showed significant alterations of genes in host defense and immune response, protein and carbohydrate metabolism, cell adhesion, and apoptosis. 28 The HSV genome remains quiescent with no detectable viral lytic genes, thereby establishing a state of latency. During this latency phase, the viral genome persists and is stable for long periods unless interrupted by stimuli to reactivate. Interruption of latency by stimuli such as stress occurs by the induction of the lytic cycle with the subsequent appearance of clinically apparent lesions or asymptomatic shedding of virus at or near the primary site of infection. Previous studies have shown that HSV-1 reactivation leading to shedding of virus does not occur within the majority of neurons; rather, it is an isolated event triggered in only a few neurons within the sensory ganglia. 29 -31 Hyperthermic stress 30, 32, 33 and immunosuppression 34 -37 are two stimuli that can be used to interrupt latency to induce HSV reactivation.
In the present study, we sought to determine whether there are differences in the host gene responses of a wild-type HSV-1, strain 17Syn
ϩ , in relation to the LAT-promoter deletion, 17⌬Pst(LAT Ϫ ), 24 after heat stress-induced reactivation. The conditions were similar to the hyperthermic stress-induced in vivo model used by Higaki et al. 33 (inbred strain of mouse and the same type of heat-stress stimulus), except the mice were killed at the earlier time point of 1 hour. Molecular events known to take place during HSV-1 reactivation place into perspective the comparison of gene expression at 1 hour after hyperthermic stress. Sawtell and Thompson 38 have summarized the processes involved in reactivation by analyzing neurons for expression and localization of geminin, cyclin-dependent kinase (cdk)2 and -4, and cytochrome c and consequent changes in morphology, virus production, and DNA fragmentation in the mouse model. Latently infected TG excised and cultured in vitro (explanted) to reactivate were compared to reactivation occurring in latently infected TG in vivo after hyperthermic stress. Selection of these proteins was based on the fact that their expression in neurons reflects a major shift in the physiological state of the neuron. From 2 hours to as long as 72 hours after hyperthermic stress, no changes were revealed in any of the attributes evaluated; there were no detectable alterations in geminin involved in blocking the initiation of inappropriate DNA replication in dividing cells and cell cycle-regulatory cdk2 and -4 and the cytoplasmic release of cytochrome c, an intermediate in apoptosis. 38 TUNEL-positive neurons were also not detected in vivo after hyperthermic stress at any point. 38 Explanted tissue exhibited significant alterations in all the attributes evaluated with the exception of virus production. 38 These results were largely consistent with an earlier report. 39 Also, numerous in vitro studies have shown functional ICP0 to be essential for efficient HSV reactivation. 5 In vivo mechanisms were deduced as subtle and appear to take place very early during the reactivation or viral induction phase. Therefore, important molecular events could be missed during viral induction. Second, degradation and decreased expression of important genes could not be distinguished from each other during molecular events associated with viral induction. Thus, we pursued genes patterns of expression that were highest or peaked at 1 hour. The differences in host gene activation between 17Syn ϩ and 17⌬Pst(LAT Ϫ ) will provide crucial information about the contribution of the LAT and the viral phenotype in regulating host gene expression during the early phase of reactivation. Five groups of mice were studied: (1) 17Syn
MATERIALS AND METHODS

Mice
17Syn ϩ latently infected non-heat-treated, (4) 17⌬Pst(LAT Ϫ ) latently infected non-heat-treated, and (5) uninfected heat-treated. Hyperthermic stress consisted of placing the mice in a constant-temperature H 2 O bath (43°C) for 10 minutes. 30, 40 The mice were killed 1 hour later. TG were aseptically removed and stored in RNA/later at Ϫ80°C until used. Forty-five mice (90 TG) with 9 mice (18 TG) per group were used.
Total RNA Extraction
Total RNA was extracted from the TG (RNeasy kit; Qiagen, Germantown, MD). RNA was treated with DNase (Ambion, Austin, TX), according to the manufacturer's protocol. RNA was purified and concentrated (Cleanup kit; Qiagen) and assayed spectrophotometrically. No significant differences were detected in spectral purity, rate of degradation, or yield of RNA from the TG among the groups. Microfiltration (2100 Bioanalyzer; Agilent Technologies, Santa Clara, CA) indicated that the quality of RNA samples had 18s/28s Ͼ1 and RNA Integrity Number values Ͼ7.
DNA Microarray Experiments
Purified RNA samples (6 g) were reverse transcribed by T7-(dT) 24 oligomer, reverse transcriptase (Superscript II; Invitrogen, Carlsbad, CA), and DNA Polymerase I (Invitrogen) for first-and second-strand cDNA with a cDNA synthesis kit (Superscript; Invitrogen) and purified (Genechip sample cleanup module; Affymetrix Inc., Santa Clara, CA). The cDNA was used for the synthesis of biotin-labeled antisense cRNA (target) in an in vitro transcription (IVT) reaction (Bioarray HighYield RNA Transcript labeling kit; Enzo, Farmingdale, NY). The IVT-cRNA was repurified and then fragmented with fragmentation buffer (Affymetrix Inc.) containing 20 g in 40 L. Denatured cRNA was pelleted to obtain a condensation fragment and was dissolved in hybridization buffer to a final concentration of 1.1 g/L. The cRNA cocktail was incubated at 99°C and 45°C for a total of 10 minutes and hybridized for 16 hours to mouse expression array 430 2.0 chips (Affymetrix, Inc.), representing 14,000 genes. Duplicate chips were used for each of the individual samples. The array chips were washed, stabilized, and stained according to the manufacturer's recommendations. Each chip was scanned in the phycoerythrin filter with a confocal laser scanner. were individually normalized by using robust multiarray analysis with correction for GC content (gcRMA). 41 The quality of all microarray experiments was assessed by the housekeeping gene probe, mouse ␤-actin, to measure the consistency of the hybridization signals from its 3Ј, middle, and 5Ј fragment of the mRNA coding regions. 42 A Student's t-test was performed to find genes with a P Ͻ 0.05. These genes were then filtered to find genes with a twofold change between the composite data from 17Syn ϩ latent infected TG and 17⌬Pst(LAT Ϫ ) latent TG 1 hour after mouse hyperthermic stress. Probe ontology of the genes complemented and annotations on the microarray are accessible through the NetAffx Analysis Center (Affymetrix, Inc.). Genes were clustered according to information available at the National Center for Biotechnology Information (NCBI), National Library of Medicine, National Institutes of Health (Bethesda, MD).
Quantitative Real-Time Polymerase Chain Reaction
Reverse-transcribed total RNA for 10 genes was prepared from the TG of the heat-treated groups of 17Syn ϩ and 17⌬Pst(LAT Ϫ ) latent infected mice. The nine adaptive immunity genes were analyzed to confirm the relative quantitative expression levels. One other gene was also analyzed by this method as a random appraisal of the expression levels pattern in the remaining 20 genes. Primer pairs used were specifically designed and synthesized by Integrated DNA Technologies (IDT; San Diego, CA). These were immunoglobulin chain variable 32 (IgK- 
RESULTS
Heat-Stress-Induced Gene Expression
There was no difference in gene expression in the 17Syn ϩ latent TG relative to 17⌬Pst(LAT Ϫ ) latent TG of non-heattreated mice (data not shown). The signal intensity values data between the 17Syn ϩ latent TG relative to the 17⌬Pst(LAT Ϫ ) latent TG 1 hour after mouse hyperthermic stress were normalized (Microarray Suite 5; Affymetrix, Inc.) resulting in 29 upregulated genes (2-fold change; P Ͻ 0.05). Since gcRMA normalization is currently recommended as the method of choice by some investigators, 44 it was subsequently applied to normalize the data of all experiments. There was no change in the number of genes significantly upregulated based on this method. Gene expression in 17Syn ϩ latent TG, 17⌬Pst(LAT Ϫ ) latent TG and uninfected TG 1 hour after mouse hyperthermic stress exhibited similar levels of increase above twofold of a group of genes designated as heat-stress-induced gene expression: heat shock chaperone DNAJB1(HSP40) homologue subfamily B member 1, DNAJB1(HSP40); 60-kDa heat shock chaperone (HSP60); stress-activated c-Jun kinase 3; oxidative stressinduced protein; cyclooxygenase 2 (COX-2); and manganese superoxide dismutase precursor 2 (SOD-2) (data not shown). This heat-stress-induced gene expression in our study provides further evidence that such genes are expressed in response to hyperthermic stress.
33,40
Subtractive Gene Expression
Subtractive gene expression showed that CD83 and other immune response genes were upregulated during viral induction to reactivate. Twenty-nine of 14,000 (0.2%) genes broadly categorized into functional activities (Fig. 1) were identified as significantly expressed after subtraction of the heat-stress-induced gene expression from gene expression of the 17Syn ϩ latent TG relative to the LAT negative recombinant, 17⌬Pst latent TG 1 hour after mouse hyperthermic stress ( Fig. 2 ; Supplementary Table S1, online at http://www.iovs.org/cgi/content/full/50/6/2855/ DC1). This process of using heat stress for evaluating gene expression specifically linked to viral induction is designated subtractive gene expression. These 29 genes exhibited a 2-to 17-fold increased expression in the 17Syn ϩ latent TG. DNAJB1 (HSP40) was included in the original 29 genes because the expression of this gene in the latent infected TG of heat-treated mice was threefold higher than the uninfected TG of heat-treated mice.
The 29 upregulated genes ( Fig. 2 ; Supplementary Table S1) were host immune response and defense (31% or 9/29), hor- 
Association of CD83 Upregulation in Viral Induction with the Presence of the LAT-ICP0 Locus of HSV
The largest subgroup that was upregulated by three-to eightfold consisted of nine adaptive immunity genes: IgK-V32; IgL-V1; IgL-V1 homologue; IgH-4 (serum IgG1); 2010309G21RIKIgL; CD8A; CD83; ADA; and CCL8 (Table 1 ; Fig. 3 ; Supplementary  Table S1) . ADA, uncoupling protein 1 (UCP1), and activating transcription factor 3 (ATF3) constituted genes in three pathways that were significantly upregulated (Supplementary Table   S1 ). Hormone genes with a three-to fourfold upregulation of expression were four of the hypothalamic-pituitary genes: glycoprotein hormones alpha subunit (CGA), corticotrophin-releasing hormone-binding protein (CRHBP), growth hormone (GH), luteinizing hormone ␤ (LHB) and one neuropeptide, galanin (GAL) ( Table 2; Supplementary Table S1 ). In addition, the expression of other genes was significantly upregulated. Transcription: apart from ATF3, FBJ osteosarcoma oncogene B (FOSB); cell signaling and calcium ion binding: ␦-like 1 homologue (DLK1), pleckstrin (PLEK), and OTOS; cytoskeleton reorganization: keratin complex 2 basic gene 4 (KRT2-4) and its homologue and loricrin (LOR), DNAJB1 (HSP40) and its homologue; and ATP binding: translocated promoter region (TPR) and coagulation factor C homologue (COCH) (Supplementary Table S1 ). Transcript levels of all nine adaptive immunity genes analyzed by real-time PCR confirmed their upregulated expression. IgL-V31, IgH-4 (serum IgG1), CD83, CD8A, CCL8, and ADA exhibited similar or higher increases in expression, whereas this method showed lower increases for IgK-V32, the IgL-V1 homologue, and 2010309G21RIKIgL (Table 1 ; Fig. 3 ; Supplementary Table S1 ). OTOS, randomly selected from the remaining 20 genes also showed increased expression by this method (Supplementary Table S1 ).
DISCUSSION
This study revealed changes in gene expression in 17Syn ϩ latent TG relative to 17⌬Pst(LAT Ϫ ) latent TG 1 hour after mouse hyperthermic stress. The expression of 29 genes was increased in the TG from mice latent with 17Syn ϩ , a virus which reactivates in rabbits ( Fig. 2; Supplementary Table S1 ). A subset of nine of the genes upregulated by three-to eightfold ( Fig. 1; Table 1 ) is part of the circulating Ig complex and molecules central to adaptive immunity such as antigen binding and cytotoxicity. Expression of genes including the Ig joining chain, a molecule that protects against invasion by foreign antigens, has been reported in the latent rabbit TG. 28 Ig joining chain gene expression implicates B cell function in response to the McKrae strain of HSV which undergoes spontaneous reactivation in rabbits. Gene expression of Granzyme A, an important effector molecule of cytotoxic T cells and natural killer (NK) cells, as well as interferon-inducible and regulatory proteins, has been reported in the HSV-1 F strain 
FIGURE 2.
Normalized intensities of the 29 genes that were expressed at more than twofold in the 17Syn ϩ high phenotypic reactivator latent TG relative to an LAT Ϫ recombinant, 17⌬Pst low phenotypic reactivator latent TG 1 hour after mouse hyperthermic stress. Changes in expression of nine genes related to host immune response and defense based on microarrays and quantitative real-time PCR in the 17Syn ϩ high phenotypic reactivator latent TG relative to a LAT Ϫ recombinant, 17⌬Pst low phenotypic reactivator latent TG 1 hour after mouse hyperthermic stress. Relative quantitative expression levels were determined for each gene. All results are expressed as an expression ratio of the 17Syn ϩ latent TG to the 17⌬Pst(LAT Ϫ ) latent TG of heat-treated mice, normalized against ␤-actin expression levels using the 2 Ϫ⌬⌬CT method. 45 Two factors are important for the absence of Granzyme A upregulation in our findings: there is a significant difference in host responses to the HSV genome during the latency phase in comparison to the viral induction/reactivation phase as was observed in our earlier study, 28 and hyperthermic stress in vivo and explant in vitro to induce viral reactivation result in significantly different quantitative and qualitative molecular effects. 38 Previous studies suggest the involvement of an active immune response aimed at suppressing the virus during latency. 46 -50 The expression of IgK-V32, IgL-V1, and IgH-4 (serum IgG1) involved in B-cell function, and CD83, CD8A, CCL8, and ADA involved in T-cell function (Table 1 ; Fig. 1 ) suggests a crucial role for adaptive immunity during HSV-1 induction and, in effect, reactivation. Induction of reactivation of the latent HSV-1 genome has been linked to the rcr. 3,8 -11 The rcr is thought to influence the ICP0 in relation to the proximity of ICP0 to the rcr. CD83 influences ICP0 activity in the establishment of latency. 51 Thus, CD83 upregulation in the induction of LAT-positive 17Synϩ associates CD83 activity with ICP0 function during reactivation. CD83, an Ig superfamily member, is strongly upregulated during maturation of human dendritic cells (DCs) which are the most potent antigen-presenting cells of the immune system. 52 Sentinel DCs have the unique ability to prime naïve CD4 ϩ and CD8 ϩ T cells and thereby induce a primary immune response. 53, 54 Expression of CD83 was not coincidental in our findings. A recent study has identified a novel HSV-1 immune escape mechanism involving ICP0. CD83 is degraded by ICP0 in mature DCs in the establishment of latency. 51 The reactivating virus could employ an escape mechanism involving high expression of CD83 to potentially impair T-cell function. Maturing DCs respond to chemokines, 55 and CCL8, an immunoregulatory chemokine, was expressed. The induction of chemokine synthesis in the HSV-1-infected cornea has been reported. 56 T cells and NK cells express CD8, and we observed the expression of the alpha chain, CD8A. ADA, which is also involved in the proliferation and differentiation of T cells, was identified. 57 Although, it is yet to be adduced whether CD83 or the other immune molecules are directly expressed in neurons, it is possible that immune competent cells in apposition to neurons could be the source. The detection of these immune molecules suggests their efficient penetration into the neurons which is significant. Our report suggests that there is a relationship between viral induction and gene expression of B cell function Ig molecules, as well as the T-cell function molecules CD83, CD8A, ADA, and CCL8. Further, the impairment of T-cell function by CD83 could also be aided by the other immune molecules CD8A, ADA, and CCL8. Alternatively, this phenomenon could indicate a sensitized adaptive immunity to counter viral reactivation. This provides further insight into the ability of the virus to escape elimination by the host and, potentially, to reactivate. The virus could be using multiple mechanisms to exploit the immune system 51, 58 for the establishment of latency and to reactivate. Gene expression in the cells of the hypothalamus-pituitary axis tissues was also significantly upregulated ( Fig. 1; Table 2 ).
Real-time PCR analysis was conducted on all the nine adaptive immunity genes to confirm the host gene transcription levels observed in the microarray experiment. Although some of the levels of the upregulated genes are different between the two methods of detection, we always observed the same pattern of upregulation for IgK-V32, Ig-V1, Ig-V1 homologue, IgH-4 (serum IgG1), CD83, CD8A, CCL8, ADA, and 2010309G21RIKIgL gene expression (Fig. 3) , suggesting that, overall, the microarray data are accurate. The very high transcript level of CD83 indicates that it is the likely candidate of ICP0-dependent degradation 51 as the virus reactivates and the host may be expressing more to compensate for the CD83 loss. Alternately, the high CD83 transcript level could represent viral modification to interfere with T-cell function.
Our study provides insight into the potential role of adaptive immunity genes in the LAT-ICP0 locus of HSV. The action surrounding the regulation of HSV latency and potential reactivation resides, in large part, in the LAT-ICP0 region of the HSV genome. Functionally, adaptive immunity could interpolate the opposing and, at the same time, complementary relationship 59, 60 puts into perspective the role of the T cell in viral-mediated activity during reactivation from latency. The effect of sCD83 was analyzed in vivo by using the murine experimental autoimmune encephalomyelitis model. sCD83 was found to be very effective in a prophylactic and a therapeutic application, underlying its high immunosuppressive potential also in vivo. 61 sCD83 has been reported not to be shed after infection with HSV-1. 51 Thus, our focus will be to directly evaluate T-cell activity during latency using sCD83 to test whether T-cell function is distorted by the virus to reactivate. Further, we will evaluate synthetic compounds that have a reactive immunoregulatory conformation to interfere with Tcell proliferation in acute, latent, and reactivation models of HSV-1 mouse infection. All evidence considered, there is an impetus for immune intervention/therapy and gene therapy for the treatment of HSV-1 infection, blocking of viral reactivation, and the reduction of recurrent ocular disease.
